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Abstract
A series of novel poly(ester-imide)s were prepared by the
reactions of 6,6'-(3,3',4,4'-benzophenonetetracarboxylic
diimido)-bis-hexanoic acid with various aliphatic diols
containing four to ten methylene groups using a melt
polymerization technique. Besides these, a novel
poly(ester-
imide) was synthesized by the reaction of 1 1 , 1 1 '-(3,3',
4,4'-
benzophenonetetracarboxylic diimido)-bis-undecanoic acid with
1 ,6-hexanediol employing the same technique. Two kinds of
monomers containing diimide diacids were prepared by the
reactions of 3,3',4,4'-benzophenonetetracarboxylic dianhydride
with respective 6-aminocaproic acid and 1 1 -aminoundecanoic
acid. A total of eight poly(ester-imide)s, PEIMs, were
characterized for liquid crystalline properties. The solubility,
viscosity, infrared spectroscopy, thermal analyses such TGA
and DSC, and the optical studies were performed. Infrared
spectra of PEIMs confirmed the formation of imide and ester
groups. These poly(ester-imide)s exhibited high thermal and
oxidative stability and very poor solubility corresponding to
high viscosity. There were no reproducible endothermic or
exothermic peaks found besides glass transition temperatures
in the DSC thermograms. In addition, no PEIMs showed
birefringent textures under the polarized light microscope. DSC
and optical study indicated that Odd PEIMs and PEIM(6,10) are
totally amorphous, while Even PEIMs are partially crystalline
polymers with extremely slow crystallization rate. Two new
compounds, BTDI-1 1 A/1 8-ol and BPDI-1 1 A/1 8-ol, with small
molecular weight were designed and synthesized. The reaction
of respective BTDI-1 1 A and BPDI-1 1 A with 1 -octadecanol was
performed in boiling toluene with azeotropic removal of water
by using Dean-Stark apparatus. DSC and optical study with
polarized light microscopy indicated that BTDI-1 1 A/1 8-ol has a
liquid crystalline phase that is very close to solid crystal state,
whereas BPDI-1 1 A/1 8-ol has no liquid crystalline property.
IX
I. INTRODUCTION
We are all aware of the fact that many substances can
exist in more than one state of matter. The most common
states of matter are solids, liquids, and gases. For example,
water is a solid below 0 C, a liquid between 0 C and 100 C,
and a gas above 100 C. But, as a matter of fact, they are not
the only states of matter. There is an unfamiliar state of
matter, which appears in between solid state and liquid state.
That is called the liquid crystal phase.
Liquid crystal phase is built by either heating or cooling a
substance during which molecules get aligned parallel to each
other. Liquid crystal is a term that is now commonly used to
describe materials that exhibit partially ordered fluid phases.
These liquid crystalline state is intermediate between the
three-dimensional crystalline state and the isotropic or
disordered liquid state. So, these liquid crystal phases are
called mesophases that result from positional and/or
orientational long-range order of molecules in one or two
dimensions. A material in this state is strongly anisotropic in
some of its properties and yet shows a certain degree of
fluidity of liquids. Fig. 1 schematically presents the solid state,










Liquid crystalline phases do not depend on intermolecular
association, but occur as a result of intermolecular repulsion.
That is, units of two molecules cannot occupy the same space.
For rod-like molecules, there is a limit to the number of
molecules that can arrange randomly in solution or melt. When
this critical concentration is exceeded, either a crystalline or
an ordered liquid crystalline phase forms.
The study of liquid crystals and liquid crystalline
polymers has played an important role in our increasing
understanding of how molecules behave cooperatively and how
molecular structure influences this behavior. Liquid crystals
have been used as a solvent or medium in which to probe other
substances. Thanks to brisk activities by a number of
scientists, liquid crystals are now used
in displays for watches,
calculators, clocks, telephones, cameras, office equipment,
personal computers, miniature TV's, automobile dashboards,
and windows that can change from clear to opaque. In the case
of liquid crystalline polymers (LCPs), the largest market is
structural fibers, i.e. poly(p-phenylene terephthalamide) PPTA.
The desirable characteristics of PPTA fibers are high strength,
low density, nonabrasiveness and dimensional and thermal
stability. Applications of LCP fibers include protective fabrics
(i.e. bullet-proof vests and gloves), high strength fabrics (i.e.
conveyer belts, sails and inflatable boats), industrial fibers (i.e.
rope and thread), rubber reinforcement (i.e. radial tires),
plastics reinforcement (i.e. structural composites), and
asbestos replacement (i.e. brake linings, clutch facings,
gaskets and packing). Uses for thermotropic LCPs include
electrical applications (i.e. surface-mounted and fiber-optic
connectors) and applications where chemical resistance is
needed (i.e. tower packings, pumps and valves) and mechanical
components requiring good wear resistance (i.e. pulleys,
bushings and seals).
1 . History
Even though the technical applications of low molar mass
liquid crystals (LC) and liquid crystalline polymers (LCP) are
relatively recent developments, the discovery of liquid crystals
dated back to the late nineteenth century. In 1888, an Austrian
botanist named Friedrich Reinitzer observed two melting
points in an organic substance related to cholesterol (later
known as cholesteryl benzoate) and described that it melted to
a cloudy liquid, and at higher temperature this cloudy liquid
turned into a clear liquid. First, Otto
Lehmann3
called this
substance soft crystals that were almost fluid, then the term
floating crystals was used, which was later replaced with
crystalline fluids. The combination of characteristics flow
properties like a liquid and optical properties like a solid made
Lehmann label these substances liquid crystals. In 1890, two
German chemists, L. Gattermann and A.
Ritschke4
synthesized
the first liquid crystal that was not based on a natural








proposed the classification of the
different liquid crystal phases using the terms nematic,
cholesteric, and smectic. In 1937, the first reference to a
polymeric mesophase was reported by Bawden and Pirie , who
observed that a solution of tobacco mosaic virus formed two
phases above a critical concentration, one of which was
birefringent. In 1950, Elliot and
Ambrose7
reported a liquid





predicted that above a critical concentration, rod
like molecules would spontaneously order that depended on the
aspect ratio of the molecule. Their theories were later
expanded to include other effects such as polydispersity and
partial rigidity. In 1960's,
Kwolek10
of DuPont developed an
aromatic amide, Kevlar, that was the first commercially
successful liquid crystalline polymer. In the mid-1 970's, the
first thermotropic liquid crystalline polymers were made by two
groups of scientists. Roviello and
Sirigu11
developed and
subsequently commerciallized high strength fibers from
poly(p-
phenylene terephthalamide), (PPTA), that was the most
important event contributing to the growth of the field.
Jackson and
Kuhfuss12
at Tennessee Eastman synthesized the
first thermotropic liquid crystalline polymer that was a co-
polyester of poly(ethylene terephthalate) (PET) and p-hydroxy-








Since then, a large number of liquid crystalline polymers
have been synthesized. In the 1980's, commercialized were
several thermotropic aromatic copolyester liquid crystalline
polymers. In the 1990's, a number of moldable liquid
crystalline materials is now available in the market, i.e. the
Vectra series from Hoechest Celanese.
The study of liquid crystal (LC) properties in polymer
systems holds out much promise for the future, not only
because such systems will provide us with new knowledge
about both polymers and liquid crystals, but also from the
standpoint of their technological importance. Activity in the
field of liquid crystal polymers is growing apace as the
applications of liquid crystalline materials increase.
2. Classification of Liquid Crystalline Systems
In order to understand the structure and properties of
polymeric liquid crystals it is essential to describe and define
in brief several aspects of liquid crystallinity in small molecule
compounds.
Liquid crystallinity can be widely classified as Lyotropic
and Thermotropic. The term
'lyotropic'
describes substances
which show liquid crystallinity in a certain of solvent
consisting of non-mesogenic molecules. Lyotropic systems are
especially crucial in liquid crystalline polymers, as the addition
of the solvent is required in order to reduce crystalline melting
points to manageable ranges. The term
'thermotropic'
is used
to describe substances that show liquid crystallinity in a
particular temperature range, and without the need for the
addition of solvent molecules. Thermotropic liquid crystals can
be further divided into two classes, Enantiotropic and
Monotropic. Enantiotropic liquid crystals form mesophases
upon heating from the solid phase where as monotropic liquid
crystals form mesophases only upon super cooling the isotropic
liquid phase below the melting temperature. By far a number of
small-molecule liquid crystals studied are thermotropic, but
both lyotropic and thermotropic types have very important
applications in liquid crystalline polymers.
In terms of molecular arrangements, liquid crystalline
phases are widely classified into Nematic, Cholesteric and
Smectic, that is originally identified by Friedel in 1922. The













Fig. 2. Molecular arrangements in the three major
Friedelian classes of
liquid crystals: (a} nematic; (b) cholesteric (the twist axis is horizontal)
and (c(i)) smectic A and (c(ii)) smectic
C.1
The nematic liquid crystalline phase has a long range
orientational order of the molecules, but no long range
positional order. Although the quality of the alignment of the
molecules is not perfect, the rod-like molecules are aligned
regarding the vector known as the director n, as illustrated in
Fig. 2(a). The degree of orientational order in liquid crystals is
described by an order parameter S, that is an average of the
function (3cos 0 1)/2. In the light microscope, nematic liquid
crystals show characteristic thread-like textures which the
term
'nematic'
comes from (Greek vsp,oc = thread). An example






solid > nematic > liquid
118 135
Fig. 3. Phase diagram for p-azoxyanisole (PAA).
The cholesteric liquid crystalline phase possesses a long
range orientational and short range
positional order as in the
nematic phase. The layers in the cholesteric state, however,
have been twisted periodically about an axis perpendicular to
the directer, n, as shown in Fig. 2(b). This phenomena results
in the twist type distortion of a nematic. But, the twist in a
cholesteric occurs spontaneously when the mesogenic
molecules have a chiral nature. In addition, the twist may be
right-handed or left-handed depending on the molecular
conformation. The cholesteric phase is characterized by the
order parameter (S) and the pitch (P). The pitch is the distance
it takes the director to undergo a 360 degree rotation. Some
scientists have proposed the more proper name for this phase
as chiral nematic liquid crystal (chiral simply means twisted)
since there are many cholesteric liquid crystals that have no
connection with cholesterol. At any rate, this phase is called
'cholesteric'
because this particular type of liquid crystalline
organization was first observed in esters of cholesterol. The
most common example of molecules that show this










Fig. 4. Complete phase diagram for cholesteryl myristate along with its
molecular structure.
Smectic liquid crystalline phases are named because their
basic layer structure gives them a soapy feel which is
described by the Greek word G\xsy\ia. In fact, many soap and
detergent molecules display lyotropic smectic phases in
solution. These structures result from the amphiphilic nature of
the molecule, which means that they have both a hydrophobic
and a hydrophilic end. In solution, the molecules pack so that
the hydrophobic ends put together, screening each other from
the water. A similar structure is found in lipid bilayers, which
are a basic constituent of cell walls.
In the smectic mesophase, the molecules within layers
retain their parallel orientation with respect to one another
although the layers of molecules have moved relative to each
other. The reason is that the inter layer attractions are weak as
compared with the lateral forces between molecules. In
consequence the layers are able to slide over one another
relatively easy.
There are several variants of smectics, but all are
characterized by the possession of a layered structure on
account of the isolation of the ends of the rod molecules onto
common planes. The two most common variants are known as
Smectic A and Smectic C as pictured in Fig. 2(c). In smectic A,
the molecules are upright in each layer with their centers
irregularly spaced. The molecular packing within the layers is
liquid-like and has no long range positional correlation. In
addition, there is no correlation between the lateral positions
of the molecules in successive layers. Thus, the alignment of
the molecules with the director is not perfect and is described
by the order parameter as in a nematic. Unlike in smectic A, In
smectic C the director of each layer is tilted at an angle to the
10
layer normal, this angle being identical for all layers. If a chiral
*
molecule is used a chiral smectic C, or C , structure may arise
in which the angle co processes about the layer normal. The
structure is made up with layers of tilted molecules twisted
incrementally with respect to their neighbors. Additional
smectic variants are also known, in which there is increasing
order, i.e. the packing within the layers in smectic B phases is
on a two-dimensional lattice, but there is no lateral correlation
between layers. The interplay between various levels of long
range positional order and the orientational order basic to the
liquid crystalline state indicates that a number of other smectic
variants and sub-variants are possible. In reality, Gray and
Goodby16
have identified the following types of smectic
phase
17
A, A1r A2, Ad, %
B Bhex, B2, BA, Bc
D, E, F, F\ G, G*, H, H", I, J, K
Actually, not all these phase designations are necessarily
unique, and some are better
described as crystals than as
liquid crystals. In general, smectic phases tend to be highly
polymorphic, and in some cases a smecitc liquid crystal will
transform between a number of sub-classes during heating, the
phases with less well-developed order being stable at the
higher temperatures.
n









solid > smectic C > smectic A > nematic > liquid
60 63 80 86
Fig. 5. Phase diagram and molecular structure of 4-n-pentylbenzenethio-
4'-/7-decyloxybenzoate.
The orientational order in liquid crystalline polymers is
sufficiently similar to that seen in small-molecule liquid
crystals. So, the Friedelian classification can be applied to
classifying the liquid crystalline order in polymeric systems.
The most simple polymeric mesophase is the nematic
phase as with small-molecule liquid crystals. The molecular
chain axes mutually align regarding a single director, but there
is no long range positional order. The simple rod model of the
nematic phase used for small molecules (Fig. 6(a)) can be
extended to the polymeric state by using longer rods as shown
in Fig. 6(b). Polymer molecules which form mesophases are
neither completely rigid nor too flexible, but the molecules
with adequate rigidity will align with each other as shown in
Fig. 6(c). The distribution of orientations about the director
will be more restricted in the polymer case. So, the quality of
12
the alignment in the mesophase, as defined by the order
parameter S, will be a direct function of the stiffness.
(c)
Fig. 6. Schematic diagrams of nematic organization of molecules : (a) a
nematic small-molecule liquid crystal; (b) a nematic liquid crystalline
polymer with rigid chains; (c) a nematic liquid crystalline polymer with
semi-rigid chains.
19
Main-chain thermotropic copolymers are generally
considered to be nematic. Another type of nematic phase is the
so-called biaxial nematic. In this case, chain molecules with
anisotropic cross sections are so organized in a mesophase
that there is long range orientational order about all three
orthogonal axes.
Fig. 7. A representation of local orientational order about all three axes,
which would give rise to a biaxial nematic phase.
13
To put in other way, not only do the molecules lie with
their chain axes parallel, but there is also rotational correlation
about these axes. This concept is illustrated for lath-like chains
or fibrils in Fig. 7.
The cholesteric phase arises if polymers have chiral
centers in the main chain. Due to chirality of the molecules,
the director is spontaneously twisted in distance rab
perpendicular to the director through an angle 6, as shown Fig.
8. The resulting helicoidal structure is characterized by the











Fig. 8. Schematic representation of a cholesteric
phase: 6 = twist angle,
r b





Actually, it is also possible to twist a nematic artificially
to give an equivalent structure, in which case it is referred to
as twisted nematic rather than cholesteric. The pitch of the
helix depends both on the temperature and, in the case of
lyotropic systems, the polymer concentration in the solvent. In
a lyotropic system, the cholesteric twist tightens and the pitch
shortens, as the polymer concentration increases. Lyotropic
solutions of poly(y-benzyl-L-glutamate)(PBLG)22, 6, are
cholesteric. The
'L'
for Laevo implied the chirality of the
molecule. In fact the external form of the molecule is a right












Mixed with its enantiomer, PBDG
('D'
= Dextro), in equal
quantities, the resultant structure will be nematic rather than
cholesteric. Very small amounts of the chiral component
suffice to turn the nematic into a cholesteric, and in the
appropriate temperature range a single cholesteric phase field
extends across all compositions. Cholesteric phases resulting
from the addition of a low molecular weight chiral compound
are known as induced cholesterics.
15
In a small-molecule liquid crystal, a smectic phase is
characterized not only by long range orientational order but
also by long range positional order which gives rise to a layer
structure. Shown in Fig. 9. are smectic organizations in small
molecules and in polymers with mesogens in the backbone and
in the side chain respectively.
(a)
(c) (b)
Fig. 9. Examples of smectic type organization, (a) small-molecule
smectic; (b) mesogenic polymer with flexible sequences in the backbone;
(c) polymer with mesogenic side groups attached to a flexible backbone
through flexible spacers.
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At first sight it might seem that in smectic polymers, the
chains could merely be lined up alongside each other, in the
same way as small molecules shown in Fig. 9(a), although the
lamellae would be much thicker. In reality, this does not
generally occur because smectic polymers are unlikely to be
arranged simply as thick versions of Fig. 9(a). The reasons for
this are that, firstly, polymers have a distribution of molecular
lengths so that any exact segregation of the ends of rigid
chains into sharply defined layers is impossible. Secondly, as
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most liquid crystalline polymer molecules are not rigid rods on
the scale of their length, the distance between ends is likely to
be shorter than their maximum length and variable.
Smectic phases, however, occur in polymers because of
molecular details which are not apparent in a smooth worm-like
model of a simple chain. Main-chain polymers in which rigid
mesogenic sequences are separated by flexible sequences can
show smectic behavior: the two different types of sequence
segregating so that they form layers normal to the chains. An
example is shown in Fig. 9(b). Polymer molecules with
mesogenic side group attached to the backbone through a
flexible spacer, often show smectic phases. In principle, the
scheme is similar to that of Fig. 9(b). But, the backbone is
likely to be accommodated in the regions between the
mesogenic layers as shown in Fig. 9(c), although there is a
possibility that parts of it may be incorporated within the
mesogenic layers themselves.
3. Molecular Design for LC Polymers
Not all polymers can show liquid crystalline phases. In
order to form liquid crystalline phases or mesophases,
polymers should satisfy some requirements in their structure.
Followings below are the basic requirements on molecular
structure necessary for the formation of liquid crystalline phase
in the case of a main chain polymer.
17
B
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Fig. 10. The fundamental segments required for liquid crystalline
polymers.
(A) Rigid core called mesogen; often containing aromatic rings
that is especially p-substituted joined by rigid linking groups
such as COO, CH =CH , CH =N , etc.
(B) Lateral substituent on aromatic rings such as CI, Br, CH3,
OCH3, phenyl, /7-alkyl for the reduction of transition
temperatures.
(C) Connecting units joining rigid core to flexible segment such
as ester, ether, amide, imine, urethane, carbonate.
(D) Flexible spacer such as (CH2)n , siloxanes, chiral
alkylene. In the case of rigid main chain polymers, this flexible
segment D is lacked.
While considering the requirements just mentioned above,
we can design various types of liquid crystalline polymers. The
most basic construction of LC Polymer is made simply by
linking the rigid mesogenic groups end to end. The resulting
polymers are called rigid-rod LC polymers. But, this direct
approach leads to a crucial problem; Rigid-rod LC Polymers
typically possess very high crystal melting points (Tm) and
high liquid crystal-isotropic transition temperatures (T^j) and
thermal degradation of the polymer often prevents the
18
mesophase being observed at all. In addition, these high
melting points make melt processability difficult. For example,
poly(hydroxynaphthoic acid) (PHNA), 7, melts to a smectic





The reduction of the transition temperatures into a useful
working range without destroying the mesophase stability
completely is one of the main objectives in the design of liquid
crystalline polymers. In fact, there are various approaches to
the problem, and these all involve aspects of molecular design
in thermotropic systems. Fig. 1 1 illustrates some of the wide
range of molecular architectures that can be constructed
through the combination of mesogenic groups and other types
of sequence within a polymeric system. One route is to make
the chain less stiff by introducing rather more mobile linking
groups between the rigid units. Alternatively, different units
can be randomly positioned along the chain, and if these added
units are mesogenic the particular advantage of reducing the
crystal melting point without any associated reduction in the
stability of the mesophase is obtained. Other method is to
make semi-flexible LCP's, by connecting flexible spacers
































mesogenic groups to give a single linear molecule. The LC
polymers with the mesogenic group in the backbone are called
main-chain liquid crystalline polymers. Another different
approach to reduce transition temperature is to make side-
chain liquid crystalline polymers by incorporating the
mesogenic groups as side chains of a flexible main chain
through some flexible spacers.
Another way is to proceed through a solution route. A
liquid crystalline system is known as lyotropic when transition
temperatures are brought down by the addition of low
molecular weight solvents. Lyotropic solutions enable very rigid
molecules to be handled, but wet processes have their own
particular inconveniences.
4. Chain Modification for the Stability of Thermotropic LC
Polymers
In thermotropic systems, the liquid crystalline phase
exists only between the crystal melting point, Tm or the glass
transition temperature, Tg (in cases where crystallinity is
absent) and the so-called upper transition temperature where
the mesophase reverts to an isotropic liquid, T,^. This
temperature range is said to be optimum when the gap
between Tm and T,c^i is wide sufficiently and the upper
transition temperature T|C_>j is far below the decomposition
temperature Td. A moldable liquid crystalline polymer for a high
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temperature structural application would ideally have a melting
point between 350 C and 400 C. The polymer for a low
temperature structural application would be designed to have a
melting point around 200 C and a mesophase stability range
should cover at least 50 C above this temperature. So, it is
very important to know how polymers can be designed and
modified with liquid crystalline stability in the optimum
temperature range.
There is virtually no limit to the number of ways polymer
chains can be modified through the incorporation of different
chemical units in different positions. Let me start the most
basic rigid-rod polymer, poly(p-phenylene) (PPP)26, 8. The
direct para-linkage of aromatic groups to form linear
homopolymer molecule will give a crystal structure that will




The modifying units which are able to reduce the
transition temperatures significantly when introduced regularly
along the chain are either the flexible, non-mesogenic ones, or
ones with substantial side groups.
One of the most useful of short flexible links is
(CH2)2 , which in its trans conformation does not bend the
molecule. It is effective in reducing Tm by increasing the
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conformational entropy in the liquid crystalline phase, but it
also reduces T|C_>.j through a drastic decrease in rigidity and
thus effective persistence ratio of the chain. Its influence in
this respect is best illustrated by comparing the melting points
of poly(p-phenyleneterephthalate) (PPT)27, 9, with poly(4-
carboxybenzene-propionic acid) 10, which has two










The presence of one (CH2)2 link for two phenylenes
reduces the melting point from above 500 C to 425 C but
does not bring T|C^.j down into this range. So, the polymer has
a thermally accessible liquid crystalline phase.
Substantial reductions can also be achieved by alternating
the basic mesogenic units with similar units which are singly
substituted on the p-phenylene ring. The bulky side group
influences the transition temperatures. The localized
'thickening'
of the chain at the side group position has a
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general tendency to reduce the efficiency of chain packing
within the crystal lattice and hence the melting point. In the
28
case of polymer 1 1 which will be polymerized as an atactic
chain without stereospecific control, the melting points has





This great influence results from the random positioning
of the large phenylene group. The polymer has a melting point
which is low enough to provide access to the liquid crystalline
melt at more convenient processing temperatures.
There is another modification through the addition of non-
mesogenic chains to rigid backbones, to produce the so-called
'hairy
rod'
molecules. The effect on Tm and T,c^.j of adding
different lengths of alkyl side chains, (CH2)m , onto one ring













m(number of CH2 units in side chain)
Fig. 12. Plot showing the influence of the length of the substituted side
chain of molecule 12 on the stability range of the liquid crystalline
phase.
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The breadth of the melting band in Fig. 12 is associated with the
observation of double melting peaks in DSC traces of some of the
polymers. Longer side chains give lower transition
temperatures, leading for m > 1 6 to layer structures, where a
separate low temperature transition can be identified with the
melting of segregated side-chain material, and eventual loss of
liquid crystallinity.
The effectiveness of units in reducing the crystalline
melting point is greatly enhanced if the
chain is modified by
units incorporated in random positions along its length. The
destruction of chain periodicity inhibits crystallization,
markedly reducing both crystallinity and melting point, without
necessarily leading to any additional loss of mesogenicity and
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reduction in upper transition temperature. Take for example the
random copolymer 13, of hydroxybenzoic acid (HBA) and
hydroxynaphthoic acid (HNA) that was first commercialized as







The primary influence of randomly positioned naphthoic
units in reducing Tm results from their greater length than the
benzoic units, although the side step associated with the unit
will also contribute. Fig. 1 3 is a plot of melting point against





Fig. 13- Plot showing the variation in melting
point with composition of a
thermotropic random copolymer 13 based on hydroxybenzoic acid (HBA)
and hydroxynaphthoic acid (HNA).
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The minimum melting point, at 42 mole %
hydroxynaphthoic acid units, is 252 C, and the system is
liquid crystalline for all compositions.
Another way of reducing the transition temperatures and
exposing the thermotropic mesophase in a convenient
temperature range is the insertion of sections of flexible
molecule to separate the mesogenic groups along a liquid
crystal polymer backbone. With this approach, the chemical
periodicity of the molecule is preserved although the repeat
distance is increased. Table I shows the transition
temperatures of a specific example of such a polymer 1 432, in
this case with a decamethylene flexible spacer, (CH2)1o
are compared with those for a small molecule precursor 1 5
Table I. The influence of connection through flexible spacers on the




[14] <CH,)10-C-O-f^^C-CH-^3-0-^- 199C 223 C
[15] CiHs-O-Q-C-CH-^^-O-CH, 106C 121 C
They can be thought of as small
molecule mesogens
connected together through identical flexible spacers leading to
an increase in Tm of 93 C and Tlc_j of 102 C, or otherwise
the flexible spacers can be seen as reducing what would be
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inconveniently high transition temperatures of a polymer built
from the mesogenic cores alone.
As shown in Fig. 14, both transition temperatures show a
marked decrease with increasing length of flexible spacer. Fig.
14 is a plot of both Tm and X,c_>j against the number of
(CH2) units in the spacer for molecules of the family
illustrated by 14, which is the example with m = 10.





Fig. 14. Plot of Tm () and T,c^, (o) against the number of methylene
units, m. in the flexible spacer for
molecules of the type represented by
14.33
The zigzag nature of
both plots is a nice example of an
effect known as the odd-even effect. Both melting and liquid
crystalline -? isotropic temperatures tend to be higher when
there is an even number of (CH2) units in the flexible
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spacer. This effect can be best understood by assuming the
conformation of the methylene spacer to be all-trans (planar





Fig. 15. Diagram showing the need of an even number of methylene units
to keep the axes of the mesogenic units
parallel.33
This conformation is straight and has the lowest energy
of any conformation, and there is considerable evidence that it
is the most likely conformation in both crystalline and liquid
crystalline phases. However, as Fig. 15 illustrates, an all-trans
sequence will only connect two mesogenic groups without
introducing a kink if it has an even number of units. Note that
the temperature range for mesophase stability decreases with
increasing length of spacer. At n = 12 in this example, T,c_>j
first dips below Tm and the liquid crystalline phase is lost.
5. Characterization of Liquid Crystalline Polymers
The liquid crystalline phases formed by heating or cooling
polymers have been classified broadly as nematic, smectic, and
cholesteric. Identifying the type of mesophase is an important
step in the characterization of LC
polymers. Because of high
viscosity, broad molecular weight distribution, existence of
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poly-crystalline and amorphous material, One data obtained
from an instrument is not enough to determine about whether
the phase in a LC polymer is mesophase or not and if it is,
what type of mesophase it is. So, the combination of several
methods is generally used in order to establish the liquid
crystalline nature of thermotropic polymers.
Differential Scanning Calorimetry (DSC), Polarized Light
Microscopy (PLM) and X-ray Diffraction are some of the
common techniques employed to collect information about the
mesophases.
5. 1 Differential Scanning Calorimetry (DSC)
DSC is a standard technique employed for measuring
transition temperatures and also enthalpy changes at these
transitions. Phase transitions such as crystal < > liquid crystal
< > isotropic liquid take place when samples are on heating or
cooling. DSC apparatus can detect these phase transitions in
the way an input of additional thermal energy or output of
excess thermal energy appears in the DSC thermogram as
endotherms or exotherms respectively. The basic equipment
consists of two pans, one a reference pan, the other containing
a few milligrams of a sample. Individual heaters allow sample
and reference to be maintained at the same temperature and
the differential power needed to achieve this replaces AT as
the measured quantity. This technique can also be used for
cooling cycles. Modern instrumentation is capable of measuring
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the heat input or output of samples in the 0.2 - 30 mg range
with high accuracy.
In the DSC curve, samples in most cases show a glass
transition (positive ACp) characteristic of the polymer
backbone, melting (endotherm) and mesophase-mesophase
and/or mesophase-isotropic liquid transitions (endotherms).
Quickly cooled samples may show so-called cold crystallization
(exotherm) when heated above the glass transition. Fig. 16 is
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Fig. 16. DSC curve of copolyester formed by transesterification of
poly(ethylene-1,2 diphenoxyethane-p-p'-dicarboxylate) with p-acetoxy
benzoic acid.
The position of the maximum of the peak is generally
taken as the transition temperature, although this can shift
with heating rate. The area under each peak after base line
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correction gives a value of the enthalpy change (AH) at the
transition. A peak which is an endotherm on heating will be an
exotherm on cooling. And the exothermic peak on cooling is
generally shifted downwards, relative to its endothermic
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Fig. 17. DSC curves for poly(terphenyl-4,4'-dicarboxylate).
heating run; -, First cooling run.
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The glass transition temperature Tg appears as a base
line shift on the DSC trace. It is noteworthy that there is
sometimes an endothermic peak at the bottom of the Tg step,
especially when high heating rates are used. This is caused by
overshoot effects at Tg. It is important that overshoot peaks
are not confused with endotherms which represent
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thermodynamic phase transitions. In DSC, the melting behavior
sometimes allows a determination of the extent of crystallinity.
The thermal history of a polymer often exerts a strong
influence on mechanical properties, and DSC can be used to
study the effects of annealing.
5.2 Polarized Light Microscopy (PLM)
Polarized light microscopy is the useful technique for the
study of the microstructure of materials using their interactions
with polarized light. This technique is widely applied to
polymers and to liquid crystals and LC polymers. In addition to
all the basic features of a compound microscope a polarizing
microscope has a polarizer in the substage condenser, another
polarizer above the objective lens and a rotatable stage.
Polarizers transmit plane polarized light, that is light which
vibrates in one plane. Most are made of a Polaroid film. The
most common arrangement on the polarizing microscope is
crossed polarizers. The orientations of the two polarizers are
perpendicular or
'crossed'
so that the analyzer does not
transmit any of the light transmitted by the polarizer. The field
of view will be dark with an isotropic specimen, or with no
specimen. Optically anisotropic, birefringent materials may
appear bright between crossed polarizers. Birefringent
materials split light which passes through them into two plane
polarized waves which vibrate in planes at right angles to one
another. Birefringence is often measured to obtain quantitative
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data on the degree of molecular orientation in the sample. Most
birefringence is due to orientation of optically anisotropic
elements.
In the case of application of polarized light microscopy to
LC polymers, this method is used in order to identify the liquid
crystalline phases, characterize molecular order and quantify
the distribution of defects in a LC polymer. The LC phase may
appear upon cooling rather than upon heating. In many cases
unique optical textures are observed for the various
orientations and structures of LC polymers. In some cases,
however, the optical texture is not uniquely identifiable. So,
X-ray diffraction and thermal analysis by DSC are used to
complement the microscopy.
The observed texture is compared against an atlas of
standards obtained from materials for which the symmetry of
molecular order is already
known.36,37,38
The examples of
typical optical textures in LC phases for nematic, cholesteric
and smectic LC polymers are shown in Fig. 18. The typical
nematic textures of several polymeric phases observed under
polarized light can be described as threaded and/or schlieren.
Characterization of the optical textures of LCPs is very
important in the identification of the specific phases present
and in understanding the structure and its





N/ifitr*^ '--, <S--x> jiiit* -
VI if
%*"
~ J-tr^ N JfpA -













Fig. 18. The typical LCP phases with crossed polarizers, (a) a threaded
nematic texture; (b) a Schlieren nematic texture; (c) a cholesteric texture
with oily streaks; (d) a smectic A phase; (e) a
smectic C phase.
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6. Review on Poly(ester-imide)s
Aromatic imide groups such as pyromellitic imide or
derivatives of phthalimide are almost planar, rigid, polar and
thermostable, and thus should be favorable components of
liquid crystalline polymers. The vast amount of work invested
by numerous research groups into the synthesis and
characterization of a broad variety of polyimides over the past
four decades has revealed that LC polyimides are difficult to
find
40,41
The best chance to obtain a thermotropic polyimide
consists of a combination of ester and imide groups in a
polymer
chain,42,43,44,45,46
the ester groups offering flexibility
and linearity into the overall conformation.
Poly(ester-imide)s are generally prepared by the direct
polycondensation of (1) a dianhydride or trimellitic anhydride
with a mixture of diamine and diol, (2) a dicarboxylic acid
containing preformed imide units with diols, (3) a diphenol
containing imide groups with a diacid or diacid dichloride, (4) a
dianhydride containing ester groups with a diamine or
diisocyanate and (5) a a, -diamine containing an ester linkage
with a dianhydride.
In the research work by Kricheldorf, Pakull, and
Buchner47
in 1987, three series of poly(ester-imide)s as shown below
were successfully synthesized by polycondensation of the
diacids with the diacetates of hydroquinone, 2,6-dihydroxy
naphthalene or 4,4'-dihydroxyphenyl. The diacids used here
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were prepared from 3,3',4,4'-benzophenonetetracarboxylic













n = 3-6, 10, 11; a-f
[ 18]
The resulting poly(ester-imide)s were found to have the
Tg's which exhibit the obvious tendency to decrease with
increasing length of the spacer. PEIMs 18a e showed a
smectic mesophase whose texture was similar to the granular
texture. In the case of PEIMs 16a f and 17a f, however,
most of members of both series did not form a mesophase. The
members with short spacers (n < 6) were entirely amorphous.
Even annealing above the glass transition temperature did not
result in crystallization. Only PEIM 1 6e among both series of
PEIM 16 and 17 formed a smectic mesophase.
In 1994, Dr. Adduci and Jacob synthesized a series of
poly(ester-imide)s shown below by polycondensation of
11,11'-
(3,3'.4,4'-biphenyltetracarboxydiimido)-bis-undecanoic acid









n = 3 - 12
O
[ 19]
The Tg's of these poly(ester-imide)s decreased with
increase in the number of methylene units in the spacer. The
crystal ordering temperature decreased with increase in the
number of methylene units which indicates that as chains
become more flexible, less time and energy are needed to
cause local motion and straightening or alignment of the
polymer chains. Interestingly, all the polymers with the even
methylene units exhibited a low isotropic transition
temperature. In addition, these polymers were found to show a
definite odd-even effect in the melting transition temperatures




The objectives of the project were the following:
[1] Synthesize two mesogenic diimide diacids; 6,6'-(3,3', 4,4'-
benzophenonetetracarboxylic diimido)-bis-hexanoic acid (BTDI-
6A) and 1 1 , 1 1 '-(3,3',4,4'-benzophenonetetracarboxylic diimido)
-bis-undecanoic acid (BTDI-1 1 A) whose structures are given
below. Then, these monomers were identified by elemental




















[2] Synthesize a series of novel poly(ester-imide)s as shown
below by the polycondensations of BTDI-6A and BTDI-1 1 A with
various a, co-aliphatic diols containing four to ten methylene



























[3] Characterize the poly(ester-imide)s shown above by
solubility, dilute solution viscosity, infrared spectroscopy,
thermogravimetric analysis (TGA), differential scanning





purchased from Eastman Kodak Company. All reagents (6-
aminocaproic acid, 1 1 -aminoundecanoic acid, a series of
oc,co-
diols, DMF and titanium(IV) isopropoxide) were purchased from
Aldrich Chemical Company, Inc. All solvents/reagents except
for DMF and 1 ,4-dioxane (acetic anhydride, acetone, methylene
chloride, methanol, and m-cresol) were purchased from J. T.
Baker Inc. 1 ,4-dioxane was purchased from Sigma-Aldrich
corporation. All chemicals were used without further
purification.
2. Measurements
The required chemicals were weighed out using Sartorius
basic electronic balance. Monomers and polymers were dried
under vacuum in a VWR 1410 vacuum oven. The samples of
purified monomers for elemental analysis were further dried in
a drying pistol apparatus under toluene reflux for 6 hours.
Elemental analyses were done by Baron Consultant Company,





apparatus. Infrared spectra of the monomers were obtained
from KBr pellets on a Perkin-Elmer 1760 FT-IR spectrometer.
The infrared spectra of the polymers were taken from a
Perkin-Elmer 1760 FT-IR spectrometer by casting film from a
dilute methylene chloride solution on a NaCI plate. The inherent
viscosities were measured at 25 C using a Ubbelohde
Viscometer. Polymer solutions for the inherent viscosity were
made in m-cresol at a concentration of 0.5 g/dL.
Thermogravimetric analysis were conducted using a Seiko
TG/DTA 220 Thermogravimetric Analyzer at a heating rate of
20 C/min. The decomposition temperatures (Td) were taken at
the mid-point of the thermal curve (see appendix). The DSC
measurements were conducted using a Seiko DSC 220
Differential Scanning Calorimeter in aluminum pans. Four
heating-cooling scans were performed on unannealed samples
and data obtained from the 10 C/min cycles were taken to
examine the properties of the polymers. The glass transition
temperatures (Tg) were taken at the onset of the change in
heat capacity (see appendix) of the virgin sample and the
annealed one at a heating rate of 10 C/min. Optical
microscopy studies were done using a Reichert
Microstar
polarized light microscope equipped with a Mettler FP52 hot
stage and connected to a JVC TM-9060 System Monitor
screen. Thin films of the polymers were made by pressing the
polymer in between a glass plate and a cover glass plate on a
hot stage at about 250 C. In fact, all the polymers didn't
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melt completely even at 300 C. In addition, no birefringent
textures were observed in this study.
3. Preparation of Monomers
Preparation of 6,6'-(3,3',4,4'-benzophenonetetracarboxylic
diimido)-bis-hexanoic acid (BTDI-6A), 20
3,3',4,4'-benzophenonetetracarboxylic dianhydride (80.56
g, 0.25 mole) was dissolved in 1250ml of hot DMF in a clean
dry 2000ml round-bottom flask and 6-aminocaproic acid (65.59
g, 0.50 mole) was added to the solution. Then, this mixture
was refluxed for 2 hours. Acetic anhydride (94.50 ml, 1.00
mole) was added and the reaction mixture was refluxed for
another 2 hours. The cooled reaction mixture was poured into
1900ml ice water to precipitate. The diimide diacid precipitated
out as a beige suspension. The precipitated product was
seperated from ice water by suction filtration, then washed
with water and methanol. The crude product was dried in the
vacuum oven at 100 C overnight to give 108. 66g, 79.2 %.
The crude diimide diacid was recrystallized 5 times on average,
m.p. 201 203 C.
|R : 3300 2500
cm"1





(imide C = 0 stretch), 1702
cm"1
(carboxylic C = 0
stretch) and 1660
cm"1
(benzophenone C = 0 stretch). The
infrared spectrum (Fig. 19 ) was consistent with the structure
of BTDI-6A.
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Elemental Analysis : Molecular Formula C29H28N20g
Molecular Weight 548.54
Calculated (%) : C, 63.50; H, 5.15; N, 5.12
Found (%) : C, 63.62; H, 5.34; N, 5.19
Preparation of 1 1 . 1 1 '-(3,3',4,4'-benzophenonetetracarboxylic
diimido)-bis-undecanoic acid (BTDI-1 1 A), 21
3,3',4,4'-benzophenonetetracarboxylic dianhydride (80.56
g, 0.25 mole) was dissolved in 1250ml of hot DMF in a clean
dry 2000ml round-bottom flask and 1 1 -aminoundecanoic acid
(100.66 g, 0.50 mole) was added to the solution. Then, this
mixture was refluxed for 2 hours. Acetic anhydride (94.50 ml,
1 .00 mole) was added and the reaction mixture was refluxed
for another 2 hours. The cooled reaction mixture was poured
into 1900ml ice water to precipitate. The diimide diacid
precipitated out as a beige suspension. The precipitated
product was seperated from ice water by suction filtration,
then washed with water and methanol. The crude product was
dried in the vacuum oven at 100 C overnight to give 1 17.93g,
68.5 %. The crude diimide diacid was recrystallized 5 times on
average, m.p. 159 162 C.
IR : 3300 2500
cm"1





(imide C = 0 stretch), 1706
cm"1
(carboxylic C = 0
stretch) and 1660
cm"1
(benzophenone C = 0 stretch). The
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infrared spectrum (Fig. 20 ) was consistent with the structure
of BTDI-1 1A.
Elemental Analysis : Molecular Formula C39H48N209
Molecular Weight 688.81
Calculated (%) : C, 68.01; H, 7.02; N, 4.07
Found (%) : C, 68.03; H, 7.30; N, 4.28
Recrystallization of Monomers
The crude product was added to hot 1 ,4-dioxane and
stirred until the product was dissolved. The suction filtration
was made to filter off insoluble impurities. At this time, the
buchner funnel was hot. Then, a certain amount of water was
added to the filtered solution. The beige precipitate came out
slowly. The precipitate was removed from solvent by suction
filtration. Then, it was washed with methanol to decolorize.
The product was then dried in a vacuo at 100 C overnight.
The recrystallization mentioned above was repeated until
melting point of the product remained constant.
4. Polycondensations
The polymerizations of diimide diacid (BTDI-6A and BTDI-
11A) and the selected series of diols were made by melt
polymerization method. Melt polymerization is the most
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common process used in industry. Compared to solution, free
radical, and ionic polymerizations, melt polymerization is
cheaper, more kinetically controllable, and more efficient for
yields of higher molecular weight materials.
4. 1 Apparatus and Setup for Melt Polymerization
The apparatus for melt polymerization (Fig. 30) is made
up of a reaction flask placed in salt bath as a heat source. The
reaction flask used is a long neck round bottom flask with side
arm that looks like a distilling flask. The salt bath used is a
mixture of KN03 and NaN02 in the ratio 10 : 8.5). The
temperature of the salt bath is controlled by a heating mantle
through a rheostat.
The mouth of the reaction flask is connected to the
assembly designed for an inlet of N2 gas and measurement of
the amount of distillate distilled out in the first step of the
reaction during which the side arm should be closed by a cork.
In the second step of the reaction, the mouth of the flask
is connected to the assembly designed for the mechanical
stirrer equipped with a setup able to measure the rotations per
minute of the stirrer and the torque of the reaction. The side
arm of the flask is connected to a condenser through a dry ice
isopropanol freeze trap which in turn is connected to one
more similar freeze traps in series with a vacuum pump. The
condenser has valves that can be connected to either a house
vacuum or vacuum pump to adjust the required vacuum. It is
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also equipped with a torr meter that can read the pressure
inside the reactor and a pressure release valve.
4.2 General Procedure for the Synthesis of Poly (ester-imide) s
Almost all polymerization were performed in the same
manner as described below. Diimide diacid (BTDI-6A : 12.00 g,
0.022 mole) was placed with 80 100 % excess of diol
(1,6-
hexanediol : 5.20 g, 0.044 mole) in a dry 100ml reaction flask.
Tetraisopropyl titanate (8 drops) was added as the catalyst.
The first setup was made and slow stream of nitrogen gas was
passed through the reactor. The mixture was heated initially at
170 C and temperature of the salt bath was gradually
increased to 200 C within 2 hours. After 2 hour reflux. The
second setup was made in which mechanical stirrer and house
vacuum system were applied. First, the stirrer speed was set
at 200 rpm and the torque at this time pointed to 15 mV. The
temperature was slowly raised to 220 C for one and half
hours. Then, the house vacuum was replaced by vacuum pump
and the temperature was gradually raised to 240 C. The
torque started to increase upon application of vacuum pump
system. As soon as torque read off scale, the stirrer speed was
then reduced to 100 rpm. When torque read off scale again,
the stirrer speed was reduced to 50 rpm. When torque reached
150 mV, the reaction was stopped.
The polymer that was very dark brown was removed from
the reactor by dissolving with methylene chloride. A lot of
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methylene chloride was used and about 2 or 3 weeks were
taken to dissolve the polymer. The dissolved polymer was then
precipitated from cold methanol. Almost of all precipitated
polymers had a dirty beige fibrous appearance, while some else
did not. The fiber was dried in vacuo at 80 C overnight.
The polymers were then characterized by solubility, dilute
solution viscosity, infrared spectroscopy, thermogravimetric
analysis, differential scanning calorimetry, and polarized light
microscopy to give the results summarized in Tables III VII.
Polycondensation of BTDI-6A with 1 ,4-butanediol to give
PEIM(6.4). 22a
BTDI-6A (12.00 g, 0.022 mole) and 1 ,4-butanediol (3.90
ml, 0.044 mole) was placed in a dry 100 ml reaction flask. 8
drops of tetraisopropyl titanate was added as the catalyst.
Then, polymerization by the procedure described above was
performed to give 12.35 g, 93.1 % of poly(ester-imide) 22a
with r|inh
= 0.80 dL/g and Td = 435.8 C. DSC heating scan of
the virgin sample at 10 C/min gave Tg
= 47.6 C. DSC
heating scan of the sample at 10 C/min after annealing at 100
C for 3 days in the oven gave Tg
= 47.2 C. The infrared
spectrum (Fig. 21) is consistent with poly(ester-imide)
structure.
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Polycondensation of BTDI-6A with 1 ,5-pentanediol to give
PEIM(6.5), 22b
BTDI-6A (8.23 g, 0.015 mole) and 1 ,5-pentanediol (3.15
ml, 0.030 mole) was placed in a dry 100 ml reaction flask. 8
drops of tetraisopropyl titanate was added as the catalyst.
Then, polymerization by the procedure described above was
performed to give 6.06 g, 65.5 % of poly(ester-imide) 22b
with r|inh
= 1.20 dL/g and Td = 449.8 C. DSC heating scan of
the virgin sample at 10 C/min gave Tg = 41.6 C. DSC
heating scan of the sample at 10 C/min after annealing at 100
C for 3 days in the oven gave Tg =42.0 C. The infrared
spectrum (Fig. 31) is consistent with poly(ester-imide)
structure.
Polycondensation of BTDI-6A with 1 ,6-hexanediol to give
PEIM(6.6), 22c
BTDI-6A (12.00 g, 0.022 mole) and 1 ,6-haxanediol
(5.20 g, 0.044 mole) was placed in a dry 100 ml reaction
flask. 8 drops of tetraisopropyl titanate was added as the
catalyst. Then, polymerization by the procedure described
above was performed to give 12.28 g, 88.5 % of poly(ester-
imide) 22c with n.inh
= 0.76 dL/g and Td = 450.0 C. DSC
heating scan of the virgin sample at 10 C/min gave Tg = 36.5
C. DSC heating scan of the sample at 10 C/min after
annealing at 100 C for 3 days in the oven gave Tg = 34.7 C.
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The infrared spectrum (Fig. 32) is consistent with poly(ester-
imide) structure.
Polycondensation of BTDI-6A with 1 ,7-heptanediol to give
PEIM(6.7). 22d
BTDI-6A (12.00 g, 0.022 mole) and 1 ,7-heptanediol
(6.20 ml, 0.044 mole) was placed in a dry 100 ml reaction
flask. 8 drops of tetraisopropyl titanate was added as the
catalyst. Then, polymerization by the procedure described
above was performed to give 12.95 g, 91.3 % of poly(ester-
imide) 22d with r|inh = 0.81 dL/g and Td =449.5 C. DSC
heating scan of the virgin sample at 10 C/min gave Tg
= 33.8
C. DSC heating scan of the sample at 10 C/min after
annealing at 100 C for 3 days in the oven gave Tg
= 32.2 C.
The infrared spectrum (Fig. 33) is consistent with poly(ester-
imide) structure.
Polycondensation of BTDI-6A with 1 ,8-octanediol to give
PEIM(6.8). 22e
BTDI-6A (12.00 g, 0.022 mole) and 1 ,8-octanediol (6.43
g, 0.044 mole) was placed in a dry 100 ml reaction flask. 8
drops of tetraisopropyl titanate was added as the catalyst.
Then, polymerization by the procedure described above was
performed to give 13.91 g, 96.0 % of poly(ester-imide) 22e
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with riinh
= 0.22 dL/g and Td = 452.9 C. DSC heating scan of
the virgin sample at 10 C/min gave Tg = 33.0C. DSC heating
scan of the sample at 10 C/min after annealing at 100 C for
3 days in the oven gave Tg = 27.1 C. The infrared spectrum
(Fig. 34) is consistent with poly(ester-imide) structure.
Polycondensation of BTDI-6A with 1 ,9-nonanediol to give
PEIM(6,9). 22f
BTDI-6A (12.00 g, 0.022 mole) and 1 ,9-nonanediol
(7.05 g, 0.044 mole) was placed in a dry 100 ml reaction
flask. 8 drops of tetraisopropyl titanate was added as the
catalyst. Then, polymerization by the procedure described
above was performed to give 12.36 g, 83.5 % of poly(ester-
imide) 22f with T]inh = 0.86 dL/g and Td = 447.6 C. DSC
heating scan of the virgin sample at 10 C/min gave Tg =26.7
C. DSC heating scan of the sample at 10 C/min after
annealing at 100 C for 3 days in the oven gave Tg
= 24.2 C.
The infrared spectrum (Fig. 35) is consistent with poly(ester-
imide) structure.
Polycondensation of BTDI-6A with 1 , 1 0-decanediol to give
PEIM(6.10). 22o
BTDI-6A (12.00 g, 0.022 mole) and 1 ,1 0-decanediol
(7.67 g, 0.044 mole) was placed in a dry 100 ml reaction
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flask. 8 drops of tetraisopropyl titanate was added as the
catalyst. Then, polymerization by the procedure described
above was performed to give 14.26 g, 94.4 % of
poly(ester-
imide) 22g with T]inh = 0.19 dL/g and Td = 455.0 C. DSC
heating scan of the virgin sample at 10 C/min gave Tg
= 15.4
C. DSC heating scan of the sample at 10 C/min after
annealing at 100 C for 3 days in the oven gave Tg =16.4 C.
The infrared spectrum (Fig. 36) is consistent with poly(ester-
imide) structure.
Polycondensation of BTDI-1 1 A with 1 ,6-hexanediol to give
PEIMd 1.6). 23
BTDI-1 1A (15.00 g, 0.022 mole) and 1 ,6-hexanediol
(5.20 g, 0.044 mole) was placed in a dry 100 ml reaction
flask. 8 drops of tetraisopropyl titanate was added as the
catalyst. Then, polymerization by the procedure described
above was performed to give 16.78 g, 98.9 % of
poly(ester-
imide) 23 with r|inh
= 0.58 dL/g and Td = 474.9 C. DSC
heating scan of the virgin sample at 10 C/min gave Tg
= 9.3
C. DSC heating scan of the sample at 10 C/min after
annealing at 100 C for 3 days in the oven gave Tg
= 6.6 C.




IV. RESULTS AND DISCUSSION
1. Synthesis of Monomers (BTDI-6A and BTDI-1 1 A)
The two types of monomers containing the diimide
diacids were prepared by two step reactions as shown in
Scheme I. The first step includes refluxing 3,3',4,4'-benzo
phenonetetracarboxylic dianhydride (BTDA) with the
corresponding co-amino acids in DMF. Then, this is followed by
refluxing with acetic anhydride as dehydrating reagent for


















The yields and general properties of the monomers
prepared by the method above are summarized in Table II.





















Calc. 63.50 5.15 5.12
Found. 63.62 5.34 5.19
1776 3300-2500
1702 1702




Calc. 68.01 7.02 4.07
Found. 68.03 7.30 4.28
1773 3300-2500
1706 1706
The percentage yield of the diimide diacids produced
ranged from 68 % to 80 %. Melting point range of both
monomers became acceptable after several recrystallizations
were performed using a mixture of dioxane and water. The
melting point determined by a
UNI-MELT
capillary melting
point apparatus ranged 201 203 C for BTDI-6A and 159
162 C for BTDI-1 1A. Sulfapyridine (m.p. 191 193 C) and
sulfanilamide (m.p. 164.5 166.5 C) were employed as
melting point reference standards for BTDI-6A and
BTDI-1 1A
respectively.
The IR spectra of both monomers (Fig. 19 and Fig. 20)
showed one broad band in the region of 2500 3300 and
the three bands in the region of 1650 1800 cm'1. First of all,
the broad and intense absorption band was displayed due to a
hydroxyl stretching vibration in the
carboxylic acid end group








cyclic imide carbonyl stretching due to the symmetric and
asymmetric vibrational coupling of the imide carbonyl groups.
These two bands confirmed ring closure / imidization in the
second step. The band in the region of 1660 1670
cm"1
were
characterized by benzophenone carbonyl
stretching.49
The
carbonyl stretching band from the carboxylic acid end group of
the
monomers50
overlapped with the band of imide carbonyl
group in the region of 1702 1706 cm"1. The identities of the
monomers were further established by elemental analyses.
2. Preparation of Poly(ester-imide)s 22a - g and 23 from
monomers 20 and 21 with aliphatic diols a - g
The diimide diacid monomer 20 and 21 were used for
polycondensations. Poly(ester-imide)s 22a g and 23 were
prepared by melt polymerizations of monomer 20, 21 with
aliphatic diols in presence of tetraisopropyl titanate as the
catalyst. The diols used in this polymerization were a: 1
butanediol; b: 1 ,5-pentanediol; c: 1 ,6-hexanediol; d:
1,7-
heptanediol; e: 1 ,8-octanediol; f: 1 ,9-nonanediol; g:
1,10-
decanediol. Excess diols were used to get high molecular
weight polymers.
The polymerization was conducted in a two-step
procedure and the general mechanism of the reactions involved
are shown in Scheme II. The products of polymerization in the














































end-groups. Transesterification reaction between oligomers in
the second step brings oligomers into high molecular weight
polymers. Vacuum system during transesterification removes
the excess diol. As more diol is removed, the average degree











































The yields of the polymers produced ranged from 65 % to
96 % for 22a g and was 99 % for 23. The polymers produced
were dark brown masses clung to the bottom of a reaction
flask and to the end of a stirrer. Some polymers can be spun
into long fibers at the end of polymerization while the others
cannot. All series of polymers could not purify because the
solution of polymer dissolved in methylene chloride didn't work
in any filtration methods. The fibers were obtained by
dissolving polymers in methylene chloride and reprecipitating
from cold methanol. The percentage yields and the general
properties of poly(ester-imide)s are summarized in Table III.
3. Characterization of Poly(ester-imide)s 22a - g and 23
The poly(ester-imide)s that had been synthesized were
characterized as follows: solubility, dilute solution viscosity,
infrared spectroscopy, thermogravimetric analysis (TGA),
differential scanning calorimetry (DSC) and polarized light
microscopy (PLM).
3. 1 Solubility Measurements
In polymer science, it is very important to find out
optimal solvent for characterization and molding process
although some polymers have been known to be dissolved with



























































































































































































































































































































































taken for solubility with 1 3 different kinds of solvents for 3
days. The result is listed in Table IV.
Table IV. Sol u bili
tya







22a 22b 22c 22d 22e 22f 22g 23
diethyl ether 7.4 - - - - - - - -
toluene 8.9 - - - - - - - -
THF 9.1 + + - + - + - + - + - + - + -
MEK 9.3 - - - - - - - -
chloroform 9.3 + + - + - + - + - + - + - +
methylene
chloride
9.7 + + - + - + - + - + - + - + -
1,4-dioxane 10.0 + + - + - + - + - + - + - + -
m-cresol 10.2 + + - + - + - + - + - + - + -
pyridine 10.7 + + - + - + - + - + - + - + -
DMA 10.8
-
s s s s s s
-
DMSO 12.0
- - - - - - - -
DMF 12.1
-
s s s s s
- -
methanol 14.5
- - - - - - - -
a
Solubility: +. soluble; +-, partially soluble; -, insoluble; s, swelling.
b
DMF: N,N-dimethyl formamide; DMA: N,N-dimethyl acetamide; DMSO:
dimethyl sulfoxide; THF: tetrahydrofuran; MEK: methyl ethyl ketone.
c
Polymer Handbook, 3rd ed., eds., Brandrup, J.; Immergut, E. H., A
Wiley-
Interscience publication, 1989, p. 519.
PEIMs were insoluble in diethyl ether, toluene, MEK,
DMA, DMSO, DMF and methanol. PEIM 22b f in DMF and 22b
g in DMA were just swollen
while all series of PEIMs in any
other solvents just mentioned above were not even swollen.
PEIMs were soluble in THF, chloroform, methylene chloride,
1,4-dioxane, m-cresol and pyridine. PEIM(6,4), 22a, were very
soluble in all the solvents just mentioned above. As can be
seen in table above, PEIMs have a particularly soluble range in
solubility parameter. The solubility
parameter has been defined
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as the square root of the cohesive energy density and
describes the attractive strength between molecules of the
material. In solvent with solubility parameter of below 8.9 and
above 10.8, PEIMs are insoluble. PEIMs are soluble only in
solvent with solubility parameter of between 9.7 and 10.7.
However, regarding solvent belonging to solubility parameter
range between 9.1 and 9.3, clear decision for solubility of
PEIMs cannot be made.
3.2 Viscosity Measurements
Inherent viscosities shown in Table III were determined
from a 0.5 g/dL solution of the polymers in m-cresol. High
viscosities were obtained for most of the PEIMs. This indicated
that high molecular weight of polymers were successfully
sythesized by melt polymerization. PEIM(6,5), 22b, has the
highest viscosity of 1.20 dL/g and PEIM(6,10), 22g, has the
lowest viscosity of 0.19 dL/g. In the case of PEIM(6,8), 22e,
the first-made 22e was not dissolved completely even in
m-
cresol. So, undissolved 22e was filtered off from solution of
22e and this solution was used for the measurement of
viscosity. The viscosity of 1.39 dL/g was obtained for the
solution of 22e whose concentration was much less than 0.5
g/dL. In order to make the concentration of solution the same,
22e was synthesized again. The viscosity of the second-made
22e was 0.22 dL/g under the concentration of 0.5 g/dL.
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3.3 Infrared Spectroscopy
IR spectra of PEIMs taken by a Perkin-Elmer 1760 FT-IR
spectrometer are all the same. In order to confirm whether
polycondensation occured, it is required to compare IR spectra
of monomers with those of polymers. So, IR spectra of
monomer BTDI-6A and PEIM(6,4) as an example were compared
and the specific band positions observed in the IR spectra are
listed in Table V.
Table V. IR spectral data of BTDI-6A and PEIM(6,4).
Description Absorption (cm'1)
BTDI-6A PEIM(6,4)
Overtone of C = 0 stretch 3470 3470
Carboxylic OH stretch 3300 - 2500
Aromatic C-H stretch 3089 3064
Aliphatic C-H stretch 2938, 2864 2943, 2864
Imide C = 0 stretch 1776, 1702 1772, 1713
Benzophenone C =0 stretch 1660 1660
Aromatic ring C-C stretch
1623- 1439 1621 - 1441
Ester C-C( = 0) -0 stretch 1178
Ester O-C-C asymmetric stretch 1159
Out-of-plane aromatic C-H bend & ring C-C bend 749
- 685 748 - 685
Ester formation was confirmed by the disappearance of
the broad OH stretching band in the region of 2500-3300 cm"1,
and the appearance of a strong pair of ester C-0 stretching
band. This is the evidence that during polycondensation,
carboxylic acid group converted to ester group. A typical IR
spectrum for the representative poly(ester-imide) 22a is shown
in Fig. 21. The IR spectra of PEIMs 22b
-
g and 23 are given in

























3.4 Thermogravimetric Analysis (TGA)
These poly(ester-imide)s were found to be highly
thermally stable from thermogravimetric analyses. Under an
inert atmosphere (nitrogen), at a heating rate of 20 C/min, the
loss of mass due to the onset of degradation was noticed at a
temperature around 410 C. The decomposition temperature
(Td) which was taken as the mid-point of the TGA curve was
approximately 450 C for each polymer.
The oxidative stability of the polymers were determined
by running the TGA scans for poly(ester-imide)s under air at a
heating rate of 20 C/min. The decompostion temperatures of
polymers which were obtained in nitrogen and in air are listed
in Table VI.
Table VI. The decomposition
temperatures3









22a PEIM(6,4) 435.8 432.1 3.7
22b PEIM(6,5) 449.8 430.9 18.9
22c PEIM(6,6) 450.0 445.6 4.4
22d PEIM(6,7) 449.5 448.7 0.8
22e PEIM(6,8) 452.9 409.4 43.5
22f PEIM(6,9) 447.6 448.8 -1.2
22g PEIM(6,10) 455.0 428.9 26.1
23 PEIMd 1,6) 474.9 445.1 29.8
a
Temperatures taken at the mid-point of TG/DTA curve.
b
ATd = Td in Nitrogen Td in Air
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The Td's of PEIM(6,5) and PEIM(6,10) in air were about
20 C less than those in nitrogen. In the case of PEIM(6,8), the
gap between Td's taken under nitrogen and air was about 40
C. The Td's of the others in air had no big difference with
those in nitrogen. Fig. 22 illustrates a typical thermogram for
poly(ester-imide)s. Refer to Figs. 38 52 for TG/DTA
thermograms.
3.5 DSC Measurements
Differential Scanning Calorimetry (DSC) analyses were
conducted on both virgin (or unannealed) polymers and
polymers after annealing at the temperature of 100 C for 3
days.
In the case of virgin polymers, temperature program
consisted of four steps. In the first step, samples were cooled
down to -50 C. Then, in the first heating-cooling cycle, which
belongs to the second and third step, samples were heated and
cooled at a rate of 10 C/min to 350 C and to -50 C
respectively. The second heating step were carried out at a
rate of 10 C/min. Data from the second heating step were
taken to analyze the properties of polymers.
In the case of annealed polymers, temperature program
was made up of five steps. In the
first step, samples were
cooled down to the temperature about 50 C below the glass
transition temperatures of virgin samples. In the second step,
samples were heated to 200 C at a rate of 10 C/min.
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10 C/min. This is followed by cooling samples to the
temperature about 50 C below the glass transition
temperatures at a very slow rate such as 1 C/min in order to
help polymers get parallel to each other. The last step was to
heat samples to 200 C at a rate of 10 C/min, and these
second heating data were taken to examine the properties of
polymers. The results obtained are recorded in Table VII below.
Table VII. The glass transition temperatures (Tg) of virgin PEIMs and








22a PEIM(6,4) 47.6 47.2
22b PEIM(6,5) 41.6 42.0
22c PEIM(6,6) 36.5 34.8
22d PEIM(6,7) 33.8 32.6
22e PEIM(6,8) 33.0 27.1
22f PEIM(6,9) 26.7 24.7
22g PEIM(6,10) 15.4 16.2
23 PEIM(11,6) 9.3 6.6
According to DSC thermograms, both virgin polymers
and annealed ones have a glass transition temperature (Tg), but
have no other transition temperatures such as a crystal to
nematic transition and a nematic to isotropic transition. The
glass transition temperatures were taken as the onset of the
base line shift measured at a heating rate of 10 C/min. As can
be seen in Table VII, the glass transition temperatures of virgin
PEIMs 22a g have a tendency of decreasing as the number of
aliphatic CH2 group in the spacer is increasing. All the virgin
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PEIMs with even number of aliphatic groups except for 22g
show a melting transition temperature around 110 C. These
transition temperatures, however, were observed only in the
first heating cycle that is referred to as a thermal history. This
result indicates that once polymers go to amorphous state by
heating, they are unlikely to go back to crystallinity by cooling.
In another word, slow crystal ordering can be taken in account.
Annealing samples near melting transition temperature was















(the number of aliphatic groups in the spacer)
Fig. 23. Variation of glass transition temperature (Tg) of a series of
poly(ester-imide)s with the number of methylene units (n) in the spacer.
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As in the case of virgin polymers, annealed polymers also
have a tendency of decreasing on the glass transition
temperature against an increase of the number of aliphatic CH2
group in the spacer. These tendencies in both the virgin
samples and the annealed ones are shown in Fig. 23 above.
The typical DSC heating thermograms for virgin PEIM(6,4) and
annealed PEIM(6,4) are shown in Figs. 24 and 25 respectively.
Refer to Figs. 53 - 66 for DSC thermograms.
It is noteworthy that all annealed PEIMs have an
endothermic peak at the bottom of the Tg curve. This is caused
by overshoot effects at Tg. Actually, all virgin and annealed
samples showed this peak in the first heating cycle. However,
this peak of annealed samples remained in the second heating
cycle, whereas that of virgin samples disappeared in the
second heating cycle.
A method of casting films of PEIMs in the aluminum pan
was carried out. The polymer was dissolved in methylene
chloride and the solution was concentrated as much as
possible. Then, one drop of the solution was placed in the pan
and let it dry in air. The process of dropping and drying the
solution was repeated. While methylene chloride is
evaporating, the polymer might be lined up to each
other more
easily. This might cause crystallization of the polymer and
result in the appearance of melting endothermic peak in the
DSC thermogram. As a result, the cast-film of PEIM(6,6) failed
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to show any endothermic peak in the DSC curve. So, this try
was dismissed.
Another try for the recovery of melting endothermic peak
was performed. PEIM(6,4) was used in this try. First,
PEIM(6,4) was heated to 200 C at a rate of 10 C/min. In this
first heating cycle, one melting endothermic peak appeared at
1 1 7 C (Fig. 67). In the second heating cycle, however, this
melting endothermic peak was not recovered. So, this sample
was annealed at 80 C for 5 hours during the second cooling
cycle. As a result, no melting endothermic peak emerged in the
third heating cycle (Fig. 68). Following this, the sample was
taken out and put into an oven. This sample was annealed in
the oven at 80 C for 3 days. In this temperature, which is
between the glass transition temperature and the melting
transition temperature, PEIM(6,4) was expected to get lined up
to each other. This might cause crystallization of polymer to
some extent and result in the appearance of melting
endothermic peak in the next heating cycle. After annealed,
this sample was heated to 200 C at a rate of 10 C/min in the
differential scanning calorimeter. As a result, no melting
endothermic peak appeared (Fig. 69). This result confirmed
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3. 6 PLM Measurements
Optical studies on the polymers were performed by
examining a thin film of polymer between crossed polarizers in
a polarized light microscope. The films of the polymers were
made by pressing the polymers in between two glass plates on
a hot stage. No polymer showed birefringent texture. This
result was consistent with that of DSC thermogram, in which
no polymer showed any reproducible transition temperature
besides glass transition temperature. This result indicated that
all the PEIMs synthesized were totally amorphous.
A method of casting film on the glass plate was carried
out as just mentioned above. One drop of the solution was
placed on the glass plate and let it dry in air. This method
allows low concentration of polymer in between two glass
plate. This might help high molecular weight polymers move
with more freedom during either heating or cooling. This might
result in the appearance of some birefringent texture on
cooling. But, the cast-film of the polymer failed to show any
birefringent texture. So this try was found to make no
difference and was dismissed.
Two conceivable reasons about these results are the
following. First, the reason might lie on the mesogenic part,
which is primarily responsible for liquid crystalline property.
The mesogen part should be on coplanar so that it helps align
parallel with the neighboring molecules. In the case of
poly(ester-imide)s 22a g and 23, however, it is impossible for
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the mesogen to make coplanar configuration. Let's take a









Fig. 26. The molecular structure of the mesogen in PEIMs 22a-g and 23.
It is impossible for this mesogen to be in coplanar
configuration because the hydrogen atoms shown above cannot
sit on the plane at the same time. So, the benzophenone
carbonyl group should be out of plane as shown below in order
to avoid the collision caused by two hydrogen atoms marked
above. This configuration makes the mesogen part bend, so







Fig. 27. The molecular configuration of PEIMs 22a-g and 23 with
benzophenone carbonyl group bent out of coplanar.
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Second, the reason might lie on the molecular weight.
Most of all the poly(ester-imide)s that had been synthesized
had inherent viscosity (r|inh) of 0.58 dL/g or above. The low
solubility and the apparent high viscosity are indications of a
relatively high molecular weight. So, this may hinder
crystallization of PEIMs on cooling. To put it in another word,
crystallization of PEIMs requires very long time. This make
PEIMs amorphous.
Actually, in the second synthesis for PEIM(6,10), a tiny
amount of initial product after refluxing for 2 hours was taken.
This is the oligomer of PEIM(6,10) that might consist of about
2 4 repeat units. The optical study with this oligomer sample
was performed. As a result, this oligomer showed some phase
at the temperature of 100 C that might be either liquid
crystalline phase or solid crystalline phase.
Based on this observation, the new two compounds that
have small molecular weight were designed and synthesized.
The reaction of respective BTDI-1 1 A and BPDI-1 1 A with 1
octadecanol was conducted in boiling toluene with azeotropic
removal of water by using Dean-Stark apparatus. IUPAC name
of BPDI-1 1 A is 1 1 ,1 1
'-(3,3',4,4'-biphenyltetracarboxydiimido)-
bis-undecanoic acid. The structures of these two novel ester-
imide compounds are shown in Fig. 28 below. The yields and
general properties of these ester-imides 24 and 25 are

















Fig. 28. The molecular structures of the new novel ester-imide
compounds, BTDI-1 1 A/1 8-ol and BPDI-1 1 A/1 8-ol.
Table VIII. Percentage yields and the general properties of the ester-

















24 BTDI-1 1 A/1 8-ol
C75H120N2O9
(1193.78)
93.9 73.1 100.3 461.9
1740
1715 1183






The percentage yields of the ester-imides 24 and 25
prepared was 94 % and 91 % respectively. These novel ester-
imides 24 and 25 were purified by several recrystallizations
with chloroform. The products were dissolved in hot
chloroform and filtered off insoluble impurities, and then
crystallized by cooling down slowly in atmosphere. The IR
spectra (Fig. 70 and 71) agree with the proposed structures
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above. It is interesting that only one imide C = 0 stretching
band is observed in the IR spectrum of ester-imide 24.
According to DSC thermograms, the ester-imide 24 showed
reproducible two endothermic peaks, whereas ester-imide 25
displayed only one endothermic peak. In optical study with
polarized light microscopy, the ester-imide 25 melted at the
temperature of 99.3 C and crystallized from the melt at the
temperature of 92.4 C. The crystallized texture looked like
feather of a bird or hair. In the case of 25, no evidence of
mesophase formation was observed.
In the case of ester-imide 24, DSC thermogram curve
showed two endotherms at the temperatures of 73.1 C and
100.3 C at the heating rate of 10 C/min in the second
heating cycle although the endotherm at the lower temperature
was much smaller than the other. Based on enthalpies of these
transition temperatures, DSC thermogram tells that the
mesophase appeared between these transition temperatures is
very close to solid state. DSC scan for the sample after
annealing at the temperature of 77 C for 1 hour was
conducted in the same heating rate as used in the virgin
sample. This resulted in no difference between the virgin
sample and the annealed one. In optical study with polarized
light microscopy, ester-imide 24 melted at the temperature of
95.0 C and mesophase came out at the temperature of 88.3
C. The texture of this mesophase is similar to a focal-conic
fan shaped texture. As the temperature reached 70.0 C which
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is just below the temperature of small endotherm, many cracks
appeared around the center of focal conic texture. This is the
difference in the phases in the region below small endotherm
and in the region between two endotherms. Refer to Figs. 72
73 for TG/DTA curves and Figs. 74 79 for DSC thermograms
of ester-imides 24 and 25. Photomicrographs of PEIM(6,10)
oligomer, ester-imides 24, and 25 were shown in Fig. 29.
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Fig. 29. Photomicrographs with crossed polarizers of (a) PEIM(6,10)
oligomer at 100 C on cooling, (b) ester-imide 24 at 88.3 C on cooling,
and (c) ester-imide 25 at 92.4 C on cooling.
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V. CONCLUSIONS AND FUTURE WORK
The two types of monomers containing preformed diimide
and dicarboxylic acid 20 and 21 were successfully prepared.
Monomer 20 was used to prepare a series of seven new
poly(ester-imide)s by melt polymerization technique. Seven
aliphatic PEIMs were made by the polycondensation of the
diimide diacid 20 with a series of aliphatic diols. One new
poly(ester-imide) was made by polycondensation of monomer
21 with 1 ,6-hexanediol. A total of eight poly(ester-imide)s
were prepared and characterized.
Poor solubility and high inherent viscosity indicated that
these poly(ester-imide)s possess high molecular weight. IR
spectra confirmed the formation of imide and ester groups.
High thermal and oxidative stability of all poly(ester-imide)s
were observed from thermogravimetric analyses. Transition
temperatures are normally taken on the second heating cycle of
DSC. The synthesized poly(ester-imide)s showed only glass
transition temperature. No reproducible melt or crystallization
transitions were obtained from all of the polymers in DSC
analyses. Endotherms attributable to melt transition were
observed in some polymers with the even number of the
methylene spacer only in the first heating cycle. In addition,
upon cooling no crystallization exotherms
were observed at a
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rate of 10 C/min in the first cooling cycle. No endotherms
were seen on the second heating cycle. This indicated a very
slow crystallization rate of even poly(ester-imide)s. Even in the
try of annealing PEIM(6,4) at 80 C for 5 hours and for 3 days,
no endotherms were not recovered.
So, the conclusion can be made about that the reason
why crystallization is not detectable by DSC is that the
crystallization rate is slower than the cooling rate. These
poly(ester-imide)s were found to have a tendency to decrease
glass transition temperatures steadily as the length of the
methylene spacer increases. This accords with the fact that
the methylene spacer offer a certain degree of flexibility to the
polymer backbone. The longer the length of the spacer is, the
more flexible the polymer backbone is, resulting in lowering
Tg's. As a good example supporting this fact, PEIM(6,10) and
PEIM(11,6) can be taken. They appeared rubbery at room
temperature because their long spacer make them flexible,
bringing their Tg's into well below room temperature as can be
seen from Table III and VII. No evidence of mesophase
formation was observable from both DSC and optical studies
with polarized light microscope. DSC and PLM analyses
confirmed that Odd PEIMs are totally amorphous and Even
PEIMs except for PEIM(6,10) are partially crystalline polymers
with extremely slow crystallization
rate.
Two reasons regarding these results
are conceivable.
First, it lies on the poor mesogen that cannot sit
on coplanar
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configuration due to the repulsion of two ortho-hydrogen atoms
of benzophenone part. This non-planar mesogen might disrupt
the liquid crystalline properties of the poly(ester-imide)s.
Secondly, poly(ester-imide)s with high molecular weight might
require a very long time for crystal ordering on cooling. Much
slower crystal ordering compared to a cooling rate makes
polymers amorphous.
New ester-imide 24 showed two reproducible endothermic
peaks in DSC trace and some birefringent texture that is similar
to coarse focal-conic fan-shaped texture in PLM. However, the
confirmation about this phase cannot be made only with these
DSC and PLM data. The reason is that one endothermic peak at
lower temperature is too small compared to the other, and
there is no big difference in textures appeared below the first
transition temperature and between two transition
temperatures. So, X-ray diffraction study is necessary to
confirm this phase with respect to that if it is mesophase or
not, and if it is, what kind of mesophase it is.
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